Staphylococcus aureus plays a major role in persistent infections and many of these species form structured biofilms on different surfaces which is accompanied by changes in gene expression profiles. Further, iron supplementation plays a critical role in the regulation of several protein(s)/enzyme function, which all aid in the development of active bacterial biofilms. It is well known that for each protein, deformylation is the most crucial step in biosynthesis and is catalyzed by peptidyl deformylase (PDF). Thus, the aim of the current study is to understand the role of iron in biofilm formation and deformylase activity of PDF. Hence, the PDF gene of S. aureus ATCC12600 was PCR amplified using specific primers and sequenced, followed by cloning and expression in Escherichia coli DH5α. The deformylase activity of the purified recombinant PDF was measured in culture supplemented with/without iron where the purified rPDF showed K m of 1.3 mM and V max of 0.035 mM/mg/min, which was close to the native PDF (K m = 1.4 mM, V max = 0.030 mM/mg/min). Interestingly, the K m decreased and PDF activity increased when the culture was supplemented with iron, corroborating with qPCR results showing 100-to 150-fold more expression compared to control in S. aureus and its drug-resistant strains. Further biofilm-forming units (BU) showed an incredible increase (0.42 ± 0.005 to 6.3 ± 0.05 BU), i.e., almost 15-fold elevation in anaerobic conditions, indicating the significance of iron in S. aureus biofilms.
Introduction
Staphylococcus aureus is a Gram-positive facultative anaerobic cocci found as a commensal pathogen associated with the skin and mucous membranes of healthy individuals. The pathogenesis of this organism includes a number of structural and secreted products like fibronectin-binding proteins (FnbA and FnbB), collagen-binding protein, clumping factor, Protein A and many other biofilm-associated proteins (Bap) facilitating the attachment of the bacterial cell to the extracellular matrix forming biofilms (Cucarella et al. 2004; Plata et al. 2009 ). Biofilms are structurally complex dynamic architectures of microbial communities which develop on biotic and abiotic surfaces during the growth of bacteria (Hall-Stoodley et al. 2004; Stoodley et al. 2002; Watnick and Kolter 2000) . These biofilms are associated with many chronic infections such as cardiovascular diseases, arthritis, endocarditis, epilepsy, osteomyelitis, seizures, some oral health problems and indwelling device-related infections (Lembke et al. 2006) .
In S. aureus and other drug-resistant strains, the differentiation of planktonic cells into sessile ones is associated with many stress factors as well as environmental factors; which may activate the complex regulatory networks in response to quorum-sensing signals (Costerton et al. 1995) . Exposure of bacteria to detergents, osmolarity variation, urea, ethanol and oxidative stress induces biofilm formation. Furthermore, it is influenced by the availability of glucose and iron restriction where iron is essential for bacterial growth, energy production, nucleotide synthesis and regulation of gene expression (Rachid et al. 2000a, b; Lin et al. 2012) . Numerous recent studies imply that in biofilms, multicellular organization is important to fight against unfavorable external conditions. On the other hand, anaerobic conditions enhance the transcription of the ica gene, thereby increasing 1 3 32 Page 2 of 8 the expression of PIA protein and ultimately leading to elevated biofilm formation (Boles et al. 2010; Rachid et al. 2000a, b) . This was also corroborated in an earlier study from our laboratory where we showed that biofilm formation is elevated in anaerobic conditions compared to aerobic conditions .
DNA and protein components play a major role in S. aureus biofilms through attachment of cells to extracellular surfaces and proteases (Boles and Horswill 2008) . The proteolytic enzyme Rsp represses the fibronectin-binding protein (FnbA) resulting in the inhibition of biofilm formation (Lei et al. 2011) . The proteolytic enzymes downregulate S. aureus biofilms; conversely, protein biosynthesis enhances the biofilm formation. Thus, protein biosynthesis and maturation are important in biofilm production in S. aureus and its drug-resistant strains (Swarupa et al. 2017) . In effect, biofilm formation is influenced by several regulatory proteins. For the synthesis of these proteins, deformylation is a critical step in S. aureus which is catalyzed by peptidyl deformylase (PDF), a hydrolase enzyme with iron as the central metal ion. Its activity seems to be essential for bacterial survival, representing a crucial target for the development of antimicrobials (Leeds and Dean 2006; Swarupa et al. 2017 ). PDF shows a peculiar preference for iron as the central metal ion. During catalysis, it activates the water molecule enhancing deformylation. On the other hand S. aureus is known to show positive regulation on biofilm formation when the culture media is supplemented with low levels of iron (Johnson et al. 2008; Lin et al. 2012) . Iron regulation on biofilm formation has been demonstrated in many organisms. Thus, iron is required for Pseudomonas aeruginosa, Escherichia coli and Vibrio cholerae biofilm formation (Banin et al. 2005; Wu and Outten 2009; Mey et al. 2005 ), but not required for Legionella pneumophila and Streptococcus mutans. However, iron has been shown to have positive regulations on S. aureus biofilms (Lin et al. 2012) .
Therefore, the present study is aimed to understand the iron-responsive regulation of biofilms as well as PDF activity in S. aureus ATCC12600 and its drug-resistant strains.
Materials and methods

Culture identification and characterization
The study was performed on 12 S. aureus strains isolated from raw milk. Among these, eight strains were isolated from raw milk collected from local milk vendors and the rest of the four from dairy herds (Swarupa et al. 2014) . Further, these strains were grown on Baird Parker agar plate at 37 °C (Baird-Parker 1962) . A single black, shiny colored colony from the plate was picked and grown in brain heart infusion (BHI) broth for isolation of genomic DNA and preparation of the cytosolic fraction Prasad et al. 2013 ).
Cloning, expression and purification of PDF
Forward (TAT GTT AAC AAT GAA AGA C) and reverse primers (TAC AGC ATC TGT ATG TGG ) for PCR amplification of PDF gene were commercially synthesized from Eurofins Private Ltd, Bangaluru, India. The gene amplification was carried out under the following conditions: denaturation at 94 °C for 10 min, renaturation at 94 °C for 45 s, annealing at 45 °C for 45 s, amplification at 72 °C for 2 min and extension at 72 °C. The PCR product was purified and sequenced and the obtained sequence was deposited in GenBank (http ://www.ncbi .nlm.nih.gov/genb ank/subm it). This obtained sequence of S. aureus was compared with PDF sequences of other bacteria using ClustalX2 (Jeanmougin et al. 1998) .
Further, the amplified product was cloned into the Sma I site of the pQE30 vector and transformed into E. coli DH5α. The thus formed recombinant clone was propagated in LB broth containing 50 µg/ml ampicillin and on reaching to mid log phase (OD540 = 0.4-0.5), 0.75 mM IPTG was added to induce PDF gene expression in the recombinant clone and allowed to grow for a further 5 h at 37 °C. The bacteria were collected by centrifugation and lysed by sonication at 50 Hz for 40 cycles. The lysate was centrifuged, the debris removed and the supernatant centrifuged at 30,000 rpm at 4 °C for 90 min. From the supernatant, the recombinant PDF was purified by passing through nickel metal chelate agarose column containing His-tagged proteins, since affinity chromatography represents one of the most effective protein purification methods ).
Kinetic characterization of PDF
Peptidyl deformylase in the cytosolic fraction of S. aureus was identified by performing formate dehydrogenase-coupled assay (Lazennec and Meinnel 1997) . The reaction mixture contained 12 mM NAD + , 1 mM ZnCl 2 , 4.5 U/ml FDH and 10 μl of either crude (cytosolic fraction of S. aureus) or pure recombinant PDF. The reaction assay was done at 37 °C using For-Met-Ala as substrate. The absorbance was recorded at 340 nm using Cyberlab spectrophotometer, USA. The deformylase activity was measured by calculating the amount of NAD reduced to NADH, and the kinetic parameters V max and K M were calculated using the Hanes-Woolf plot ([S] vs [S]/V).
Effect of iron on PDF activity
To examine the effect of iron on bacterial growth, the culture was supplemented with increasing concentrations of iron ranging from 20 to 120 μM and the absorbance was recorded at 540 nm. Additionally, a PDF assay was also repeated as described above by supplementing increasing concentrations of iron at a constant substrate concentration.
Reverse transcription PCR
Using MEDOX-Easy™ Spin column total RNA Minipreps Kit, total RNA was isolated from the bacteria and the purity was determined using a UV-visible spectrophotometer (Cyberlab spectrophotometer, USA) . The samples near 2.0 only were used in the expression studies. Further, this RNA was converted into cDNA using high-capacity cDNA reverse transcription kit (Applied biosystems, Foster City, CA) in a thermocycler calibrated at 25 °C for 10 min, 37 °C for 120 min and 85 °C for 5 min .
Real-time PCR (qPCR)
Using multiscribe reverse transcriptase and random hexamers, cDNA was synthesized for quantitative polymerase chain reaction with SYBR select master mix in ABI 7300 for 40 cycles (Gibco, Invitrogen). Subsequently, PDF expression was quantified for S. aureus ATCC12600 and its drug-resistant cultures (LMV, MRSA) (Swarupa et al. 2014) supplemented with iron using the formula ΔΔC T = ΔC Tr (iron supplemented culture) − ΔC T (culture without iron supplementation) and relative expression was calculated using N = 2 −ΔΔC T (Livak and Schmittgen 2001; Swarupa et al. 2017; Venkatesh et al. 2015) .
Biofilm producing assay
Staphylococcus aureus ATCC12600 was grown in both LB and BHI broth at 37 °C. From this grown culture, 200 μl was transferred into each well of 96-well plates and incubated at 37 °C for 24 h. After incubation, bound biofilms in each well were washed with phosphate buffer saline, pH 7.4, followed by staining with 0.4% crystal violet. After washing with distilled water, the absorbance was recorded at 570 nm. From the absorbance values, the biofilm units were calculated (Amaral et al. 2005; Yeswanth et al. 2013) as:
Further, the biofilms were stained with calcofluor white for 10 min and visualized under fluorescence microscope at 400×.
Results
Characterization of PDF
The PDF gene was PCR amplified from the genomic DNA of S. aureus ATCC12600, The 0.5 kb amplicon Biofilm units = absorbance of biofilm forming culture∕ absorbance of generally grown culture.
observed on 1% agarose gel electrophoresis was subjected to sequencing and the obtained sequence was deposited in GenBank (GenBank accession number: JX311310) (Fig. 1) . This sequence showed complete similarity with the PDF gene sequence present in all the strains of S. aureus genome sequence present in the database and in the strains used in this study. However, conspicuous variations were observed with PDFs of other organisms (Fig. 2) . After ascertaining the sequence of PDF, the gene was cloned in the Sma I of pQE30 vector in −1 frame and transformed into E. coli DH5α (Fig. 1) and the generated clone was named PVSR-1. The insert in the clone was again sequenced and the sequence showed 100% identity with the deposited sequence in the GenBank. The stable expression of PDF gene in PVSR-1 clone could be induced at 0.75 mM IPTG concentration. From the cytosolic fraction of the induced PVSR-1 clone, pure recombinant PDF was obtained by passing through nickel metal chelate agarose column, which exhibited a molecular weight of 20 kDa in 10% SDS-PAGE corresponding to the size of the insert cloned (Fig. 1) . Enzyme kinetic results of recombinant PDF showed K M of 1.3 mM, while native PDF present in the cytosolic fraction of S. aureus showed a K M of 1.4 mM ( Table 1) .
Effect of iron on PDF activity
To examine the effect of iron on S. aureus growth, the culture was supplemented with increasing concentrations of iron and absorbance was recorded (Fig. 3) . The PDF activity was assessed in the cytosolic fractions of these iron-supplemented cultures. The kinetic results revealed that PDF activity increased steadily with iron supplementation up to 0.1 mM, and beyond this concentration the PDF activity remained constant. Similar results were recorded for PDF in all the S. aureus strains used in the study (Swarupa et al. 2017) (Table 2) .
The real-time PCR expression analysis revealed iron supplementation increased the PDF expression by 142.6-fold in S. aureus ATCC12600, while in drug-resistant strains of S. aureus LMV (local milk vendors) 116-fold of elevated expression was observed. Interesting results were seen in MRSA strains (LMV3-5) where 150.4-fold of increased PDF expression was observed compared to the control (cultures without iron supplement) (Fig. 4) .
Biofilm-forming assay
Biofilm-forming assay was carried out in a microtiter plate as described by the Coffey and Anderson method (Coffey and Anderson 2014; Yeswanth et al. 2013; Swarupa et al. 2017) . 0.2 ml of fully grown cultures of S. aureus ATCC12600 and other drug-resistant strains of S. aureus were taken in 96-well microtiter plates and incubated for 1 day. The unbound bacteria were rinsed off, whereas the bound bacteria were stained with crystal violet to visualize the biofilm. Further, these biofilms were solubilized in broth and quantified spectrophotometrically. Interesting results were obtained showing increased biofilm units in all the S. aureus strains grown in the BHI broth compared with LB. Also when the culture media was supplemented with iron, it showed 15-fold enhanced elevation in BU correlating with elevated PDF activity ( Table 2 ). The calcofluor white staining also showed that the biofilm units had increased with iron supplementation (Fig. 5) .
Discussion
The emergence of multidrug-resistant strains has complicated the management and treatment of S. aureus infections. Moreover, many of these chronic infections are associated with bacterial growth in the form of adherent colonies encased in a large matrix formed mainly of proteins that constitutes a biofilm (Amaral et al. 2005) . S. aureus biofilm-forming ability is one of the most important virulence mechanisms that not only allows the bacteria to adhere to biotic and abiotic surfaces; but also reduces the phagocytic ability thereby providing immunoprotective function (Costerton et al. 1995; Begun et al. 2007; Götz 2002; Vuong et al. 2004 ). Among others, FnbA, FnbB, (fibronectin-binding proteins) SasC, SasG (surface proteins), SpaA (IgG-binding protein), and Bap (biofilm-associated protein) are important in promoting biofilm formation. In addition, several regulatory proteins have been shown to affect biofilm formation (Otto 2008) . Staphylococcus aureus expresses several different MSCRAMMs (microbial surface components recognizing adhesive matrix molecules) that have the ability to bind to human matrix proteins such as fibrinogen and fibronectin (Merino et al. 2009 ). In addition, the extracellular proteases have been shown to affect biofilm formation. The AraC and XylS family regulator Rsp represses biofilm formation by suppressing the cell wall-anchored proteins. Here, Rsp represses biofilm formation by downregulating the FnbA and Spa proteins. It is noteworthy to mention here that Spa-deleted S. aureus did not form biofilms and also S. aureus grown in the presence of IgG did not show biofilm formation. However on providing Protein A to the media, the biofilm formation was restored (Merino et al. 2009 ). In addition, Rsp upregulates a number of genes encoding proteases, which could have an impact on S. aureus biofilms by cleaving the cell surface proteins and secreted proteins, both at the post-translational stage and at the mature functional stage (Lei et al. 2011 ). Thus, proteins involved in post-translational modifications forming mature proteins are important in the formation of S. aureus biofilms (Islam et al. 2014) . Several studies have emphasized that proteins play a pivotal role in the formation of the biofilm matrix and polypeptide synthesis follows its maturation to form a functional protein molecule. For each protein, deformylation is the most critical step which is catalyzed by the action of PDF. It removes the formyl group from formylated methionine, forming mature proteins (Swarupa et al. 2017) . PDF, being an iron-dependent enzyme, shows positive regulation in its presence. Thus, the current study aims at understanding the iron-responsive regulation on PDF activity and biofilm formation. Hence, the gene encoding PDF was amplified from S. aureus genomic DNA as the template strand (Swarupa et al. 2017) . The results showed a 0.5 kb gene product, confirming the presence of PDF (Fig. 1) . Further kinetic characterization results showed that the deformylase activity of native PDF remained very close to rPDF; however, the activity is increased with the addition of iron (Table 1) . Iron acts as an electron-withdrawing group by interacting with four aureus with/without iron supplementation. PDF catalyzes the functional protein synthesis that aids in biofilm formation. The culture, supplemented with iron, enhances the PDF activity which further increases growth and biofilm formation water molecules favoring the formation of the hydroxide ligand. Further, it allows the interconversion between tetra and penta co-ordination, resulting in enhanced activity of the substrate. These results were further corroborated with qPCR results (Table 2, Fig. 4 ). Iron also downregulates the enzymes of TCA cycle such as isocitrate dehydrogenase and aconitase, thus creating high reductive conditions leading to more anabolic biosynthesis (Ledala et al. 2014; Prasad et al. 2013; Somerville et al. 2003) , which affects the biofilm mode of growth in S. aureus. It appears that, in addition to bacterial growth, iron is essential for energy generation in the system by signaling the nucleotide synthesis and changing the gene expression profiles. Thus, iron is important for primary attachment and PIA synthesis (Lin et al. 2012) . Numerous recent studies imply that in biofilms, multicellular organization is important to fight against unfavorable external conditions. On the other hand, anaerobic conditions enhance the transcription of the ica gene, thereby increasing the expression of PIA protein and ultimately leading to elevated biofilm formation (Boles et al. 2010; Rachid et al. 2000a, b) in S. aureus and other drug-resistant strains tested (Table 2, Fig. 5 ).
Conclusion
Staphylococcus aureus forms biofilms on various surfaces through attachment and accumulation of bacteria which is regulated by the expression of several proteins. The protein formation in S. aureus starts with deformylation, which is the essential step catalyzed by PDF. Iron is the key metal required for the proper functioning of PDF, which in turn influences bacterial growth, energy production and nucleotide biosynthesis, all of which have an influence on the genesis of the biofilm. Increased PDF activity is correlated with active synthesis of proteins in the organism, paving the way to the formation of biofilms.
